Small-angle neutron scattering instruments can be built to use either steady-state or time-of-flight techniques, although only the latter are practical at pulsed neutron sources. The techniques used to provide beams of suitable quality, wavelength range and angular collimation are considered in detail for steady-state and time-of-flight instruments at reactor neutron sources, and for time-of-flight instruments at pulsed neutron sources. For both instrument types a cold neutron source provides a definite advantage. Most, but not all, steady-state instruments use long flight paths, which can be shown to provide conditions which are optimum in many ways. However, frameoverlap considerations force the use of a short flight path for time-of-flight instruments, and this in turn forces these instruments to use different collimation and beam-quality techniques from those that are usually used for steady-state instruments. Although adequate techniques now exist for building shortflight-path small-angle neutron scattering instruments, some of these short-path techniques are still developing, and can be expected to improve in the future. At present the time-of-flight instruments are more difficult to build and use, but for many experiments this difficulty is more than compensated by the large wave-vector range covered in a single measure-• ment with such instruments.
Introduction
The term 'small-angle neutron scattering' (SANS) is really a misnomer, since what is of interest is scattering with small wave-vector transfer Q rather than scattering at small angles per se. For elastic scattering of neutrons of wavelength 2 through a scattering angle 0, the wave-vector transfer is given by Q = (4~/2) sin(0/2)~-2~0/2
(1)
where the approximate equality holds only in the limit of small angles. From this it is seen that small values of Q can be achieved by using large values of 2 as well as by using small values of 0. Nevertheless, we will maintain the common practice and refer to this field as SANS throughout this paper. If the variables 0 and 2 are independent, as is the case if there are no wavelength-dependent collimating elements (such as guide tubes) or angle-dependent monochromating elements (such as crystal monochromators), they contribute to the Q resolution in quadrature, as
AQ/Q=[(AO/O) 2 +(A)~/2)2] 1/2
A number of articles and books have discussed the types of science which can be done with SANS instruments, and have indicated which instrumental parameters are important in order to generate data of the range and quality necessary for this science (e.g. Schmatz, Springer, Schelten & Ibel, 1974; Hendricks & Young, 1978; Kostorz, 1979) . Desirable features for a SANS instrument include a large wave-vector range extending to the lowest practical values for Q, good resolution, low background, high data collection rates, the reproducibility to normalize data on an 'absolute' scale, and the availability of long wavelengths to avoid double-Bragg scattering in crystalline samples. The instrument which currently sets the standards against which other SANS instruments are judged is the DI! instrument at the Institut Laue-Langevin in Grenoble, France (Ibel, 1976) . This instrument has a nominal Q range 0"0001 < Q < 1 A-1 (apparently the lower limit has not been confirmed experimentally) and in practice regularly achieves a range 0"001 < Q < 0"5 A -1 (although covering this entire range requires a number of reconfigurations of the instrument), has a calculated best resolution of 0.0001 A-1 and is designed to use wavelengths between 4 and 20 A. While such performance is desirable, there are no general requirements as to the necessary range and resolution, and much good science can be done with instruments which fall far short of this.
The purpose of this article is to discuss the importance of various properties of the incident beam of a SANS instrument, how these properties affect the desired overall performance features noted above, and how these properties can be 'tailored' to optimize a SANS instrument. The differences and similarities between SANS instruments at pulsed sources and at reactors will be explored in this context. (However, a comprehensive quantitative comparison of instruments at the two types of sources depends on the specific instruments and sources considered, and is beyond the scope of this paper.) This discussion will be limited to 'conventional' broad-range SANS instru-ments, and techniques such as double-perfect-crystal diffractometers (Schwahn, Miksovsky, Rauch, Seidl & Zugarek, 1985 , and references cited therein) or gravitational or mirror focusing (Schmatz, Springer, Schelten & Ibel, 1974 , and references cited therein) for specialized SANS studies will not be addressed here.
Wavelength selection

Source spectrum
At a reactor the neutrons entering a beam tube are usually well moderated, so that the source spectrum is approximately Maxwellian, 1(2) = A(2o4/25) exp (-21/22) .
The only parameter which can be varied to tailor this spectrum for specific purposes is the characteristic wavelength 2o, which can be written in terms of a characteristic temperature To as 2o = (h2/2mk To) 1/2
where h is Planck's constant, k is Boltzmann's constant, and m is the neutron mass. For moderators which are small or which are cooled below the temperature of their surroundings, the characteristic temperature To is normally slightly above the physical temperature of the moderating material, and the spectrum may deviate somewhat from Maxwellian (Williams, 1966; Carpenter & Yelon, 1986) . At a pulsed source the moderators are usually small, so that the neutron pulses will be of sufficiently short duration to produce the desired timing for time-offlight determination of the wavelength. As a consequence, the neutrons are undermoderated, so that in addition to the Maxwellian-like spectrum characteristic of thermalized neutrons, the spectrum also contains a significant epithermal or slowing-down component. The spectrum from the moderator on a pulsed source can be approximately represented as
where A(2) is a joining function which goes smoothly from 0 for 2 ,> 2c to 1 for 2 ,~ 2c, where 22 ~ 22/5. In addition to the physical temperature of the moderator, other parameters in this expression are also subject to tailoring (in the moderator design stage) by changing the moderator size and 'decoupling ' and 'poisoning' materials. [See Carpenter & Yelon (1986) and references therein for detailed discussions of moderator design, of the origins of (5), and of the performance of a number of different pulsed-source moderators.]
Since a spectrum rich in long-wavelength neutrons is desirable in order to achieve low values of Q for SANS, there is a great advantage in having a SANS instrument on a beam which views a cold moderator. Liquid H 2 or Dz at .,~ 25 K is frequently used for this purpose, while solid CH4 at comparable temperatures is an even better moderator, although it presents some practical problems in a high-radiation environment, and can only be used in pulsed sources. (The spectrum deviates from Maxwellian for HE moderators of practical size because of peculiarities in the H2 scattering cross section.) Fig. 1 shows the spectral shapes typical of a reactor source and those typical of a pulsed source, and illustrates the clear advantage of using a cold moderator for SANS instruments at either type of source.
As soon as the neutrons leave the moderator at either type of source, various effects begin to modify the spectrum. Every beamline must have at least one window (between the moderator and the beamline), and some of the neutrons will be scattered out of the beam or absorbed by such a window. This scattering usually exhibits sharp discontinuities as a function of wavelength due to Bragg scattering, so the resulting spectrum is distorted and may have 'notches' in it at several wavelengths. Additional windows or other material in the beam, such as beam monitors or the filters discussed below, will increase this effect. Other wavelength-dependent elements, such as guides or beam benders, may also distort the spectrum, so that in almost all cases the 'effective source' spectrum will look rather different from those shown in Fig. 1 .
Wavelength bandwidth and resolution
The wavelength resolution necessary to achieve the desired Q resolution can be produced by either steadystate (SS) or time-of-flight (TOF) techniques. In the SS techniques, a 'monochromating' device is used so that the beam at the sample is uniform in time, but 
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Wavelength (]~gstr6ms) Fig. 1 . Spectra for ambient temperature and cold moderators at reactor and pulsed neutron sources. The relative intensities of the cold and ambient spectra for the same source are correct for existing sources (Lander & Emery, 1985) , but otherwise the overall intensity scale is arbitrary for each type of source. Solidreactor, ambient; dotted -reactor, liquid H2 or D2; dashedpulsed, ambient; chain-dot -pulsed, liquid H2; chain-dashpulsed, solid CH4. Most SANS measurements are confined to the range 2-20 A.
contains only a limited band of wavelengths. In order to achieve high data rates, this wavelength bandwidth should be as large as possible consistent with the resolution requirements. For steady-state SANS instruments, two different methods for selecting a wavelength band from the incident beam are common. In one of these methods, a monochromator crystal Bragg reflects neutrons within a limited wavelength range, and this reflected beam is then the beam utilized by the instrument (Fig. 2a) . The Bragg equation is 2 = (2d/n) sin 0~ (6) where 0B is the Bragg angle for the reflection, d is the crystal plane spacing, and n is the reflection order. The wavelength bandwidth is given approximately by A2/2 -.~ cot OBAOB
where AOB is determined by the collimation before and after the monochromator and by the monochromator crystal mosaic spread. For practical crystals relatively large 0B is required to reflect large 2, so to achieve large values of AOn and hence of bandwidth, at least two of these three quantities (crystal mosaic and incident and reflected beam divergences) must be large.
[Multilayer monochromators made of alternately deposited thin films could have high reflectivity and reflect large 2 at small 0B (Schoenborn, Alberi, Saxena & Fischer, 1978) , in which case a large bandwidth could be obtained with a small A08.] The mosaic spread which can be achieved in practical monochromator crystals is small, so crystal monochromators for SANS instruments are usually made of several crystals which are slightly misaligned with one another to provide a larger 'effective mosaic' (Child & Spooner, 1980; Mildner, Berliner, Pringle & King, 1981; Koehler, 1986 increased by increasing the divergence of the beam incident on the sample, but this may have unacceptable consequences for the resolution. A second problem is that since the monochromator angle has to be changed in order to select a different wavelength range, the wavelength from a single monochromator crystal can only be changed if the entire instrument is swung around to the line of the new reflected beam (Fig. 2a) .
Both of these problems can be largely eliminated by the use of a second monochromator which will redirect the reflected beam along a line parallel to, but offset from, the original unreflected beam (Fig. 2b) . The use of such a second crystal package introduces a further reduction in intensity due to the less than perfect reflectivity of the crystals (typically --,70% reflectivity) but can increase the bandwidth by allowing a large angular divergence between the two monochromators, and this can more than compensate the losses due to reflectivity. With these techniques, values of A2/2 as high as 0.06 are achieved in the 30 m SANS instrument at Oak Ridge (Koehler, Child, Hendricks, Lin & Wignall, 1981) . Flexible selection of wavelengths without moving the rest of the instrument can be provided with a double monochromator, if the two monochromator crystals can be rotated and translated along the entrance and exit beam directions (Fig. 2b) .
The second method for wavelength band selection at a steady-state SANS instrument is the use of a mechanical 'velocity selector'. This is usually made as a drum of radius r with a large number of helical slots along its periphery (Holt, 1957; Ibel, 1976) . This drum is rotated with its axis offset from the neutron beam, and the axis may be inclined at an angle ¢ to the neutron beam as well (Fig. 3) , so the beam is forced to pass through the helical slots. If the drum is rotated with angular velocity co and the helical slots traverse an angle q9 along the length S of the selector drum, the velocity selector will transmit neutrons with average velocity v given by which is easily and continuously tunable over a wide range of long wavelengths. The range A2 of wavelengths transmitted is governed by the width and length of the helical slots and is approximately independent of the angular collimation, so the velocity selector can be designed to match A2/2 to the optimized value for a given SANS instrument, usually in the 5-25% range. By making the material between the slots quite thin, transmissions of 0.8-0.9 at the optimum velocity have been attained on instruments at the ILL (Ibel, 1976) and at the National Bureau of Standards (Glinka, Rowe & LaRock, 1986) . In the TOF method, the full polychromatic spectrum is pulsed in time, so that the beam reaching the sample contains all the wavelengths that were initially present but is highly non-uniform in time. Each wavelength corresponds to a different neutron velocity, and so arrives at the detector at a different time t relative to the initial pulse and must be separately recorded by the data acquisition system (Fig. 4) . The wavelength 2 is related to the time of flight t by
where L is the total flight path from source to detector. With this technique a large band of wavelengths is usually used, which compensates for the low timeaveraged flux per unit wavelength. Since a pulsed neutron source automatically produces a beam which is pulsed in time, it is ideally suited to TOF techniques, and only these techniques make effective use of a pulsed source. To a first approximation, a pulsed source produces pulses whose time width At is proportional to 2, which leads to
These widths can be tailored somewhat by appropriate choice of moderator design parameters, as long as this is acceptable to other instruments viewing the same moderator. A value of At/2 ,,~ 10-20 Its A. -1 is typical for a cold moderator (Carpenter & Yelon, 1986) , and for L = 10 m this gives A2/2 ~ 0"004--0"008, which is considerably better than necessary on the basis of Q resolution requirements. [This better than necessary timing resolution may, however, prove beneficial for real-time SANS studies involving short time constants (Oberthfir, 1984) .] TOF techniques can be used at a steady-state source (reactor) as well, with a mechanical 'chopper' being used to pulse the beam (Cotton & Teixeira, 1986) . Such a chopper can be designed to provide any desired pulse length, but this pulse length will be approximately the same at all wavelengths, and this is usually not optimum for resolution requirements either. Because of the added complexity required for the chopper and data acquisition systems for TOF measurements, most reactor SANS instruments have employed SS techniques. When TOF techniques are used, the longest wavelength available for use in the scattering processes is determined by the 'frame-overlap' condition which results when slow neutrons from one pulse are overtaken by the faster neutrons from the following pulse. When no choppers are used to define the bandwidth, this maximum wavelength is given by
where f is the pulsing frequency of the source. Since large values for 2 are required in order to reach small values of Q, this dictates that the total flight-path length L be kept as short as possible for SANS instruments using TOF techniques. This restriction can be removed somewhat by the use of choppers to pass only a relatively narrow band of wavelengths (Fig. 4) or to eliminate some of the pulses, but this results in a reduction of Q range and/or data rate. As will be seen below, this frame-overlap condition leads to overall designs for TOF instruments which are rather different from many of their SS counterparts.
Beam quality
Both reactor and pulsed neutron sources are sources of fast neutrons and y-rays in addition to the thermalized neutrons which are of interest. Both of these can lead to various problems in SANS instruments, so it is important to design to eliminate them or to minimize their effects. In addition to general contributions to the background from fast neutrons and y-rays, the large quantities of these present at the time of the prompt pulse at a pulsed source have been observed to introduce detector recovery effects which can persist to long times. Since such recovery effects can make it difficult to obtain satisfactory data, it is imperative that the prompt flux of fast neutrons and y-rays reaching the detector be sufficiently diminished to eliminate this problem. Several techniques for such 'cleanup' of the incident beam at both reactor and pulsed sources are discussed below.
Guide tubes
Reflecting neutron 'guide' tubes are often used to remove the effective source of an instrument to a distance well away from the real neutron source. Such a move may "allow the instrument to be located in a region of lower background, and where spatial conflicts with other instruments or equipment are minimized. In addition, if the guide is curved with radius of curvature R, it serves as a band-limiting filter, with high transmission only for those wavelengths greater than a cutoff wavelength 2co = (1/fl)(2a/R) x/2 (Farnoux, Hennion & Fagot, 1968) . (Here a is the width of the guide channel and fl is a parameter which depends on the material with which the guide surface is coated. For the usual nickel-coated guides, fl= 0.00173 rad A-1.) For wavelengths above 2~o , such guides can have transmissions approaching 1 for neutrons whose paths are inclined at angles less than ac=fl2 to the nominal beam direction. Thus for neutrons within this angular range and having wavelengths above 2¢o , the 'effective source' position for angular collimation for an instrument using such a guide is the end of the guide tube. A curved guide with a = 3 cm and 2~o = 10/~ has a radius of curvature R = 200 m and must be at least 3.5 m long to prevent line-of-sight paths through the guide, while guides for shorter wavelengths must be even longer. Since TOF instruments must be short to avoid frame-overlap problems, TOF SANS instruments on a pulsed source generally cannot make effective use of guides unless the pulsed source repetition frequency is quite low. However, for a reactor-based TOF SANS instrument the pulsing chopper can be placed at the end of the guide, since it is only the chopper-to-detector distance which enters into the frame-overlap equation. [The SANS instrument at the KENS pulsed source in Japan has been built on a guide, but uses bandwidthlimiting choppers and a relatively low source pulsing frequency (Ishikawa, Furusaka, Niimura, Arai & Hasegawa, 1986 ).] One way of overcoming this length problem is to use a 'beam bender' (Sutherland & Wroe, 1975) , which is in effect an array of short narrow curved guides placed side-by-side, as sketched in Fig. 5 . If the above problem of bending a 3 cm wide beam with 2co = 10 A were handled with a bender made of 20 channels 1.5 mm wide, it would require a radius of curvature of 10 m and would need to be only 17 cm long to prevent line-of-sight paths, although somewhat greater length might be desired in order to provide a greater angular displacement between the direct beam and the 'bent' beam to allow better shielding against the fast neutrons and 7-rays, which are not 'bent'. Beam benders of length 1 m or less can be designed and built to provide enough angular deflection of the beam to move the detector out of the line of the direct beam, even with the short total flight-path length required for TOF SANS instruments. Such a bender is operational on the LOQ instrument at the ISIS pulsed neutron source in the UK (Heenan, 1986) . As for a guide, the effective source position for angular collimation is moved to the exit end of the bender.
Crystal monochromators and filters
The crystal single-monochromator and doublemonochromator systems discussed above also displace the instrument out of the direct beam from the source. Thus these can also be very effective in eliminating the fast neutrons and ),-rays found in the direct beam. Bragg reflection, however, introduces another undesirable feature in the beam in the form of the higher-order reflections, which usually require a filter for their removal.
Polycrystal or single-crystal filters can be used to remove y-rays and/or fast neutrons from the direct beam (Holmryd & Connor, 1969; Freund, 1983 ). Fig. 6 shows the transmission of some filter materials. The calculated transmission of a beam bender with one particular set of parameters (chosen to provide adequate beam deflection with a relatively small 2¢o ) is also shown for comparison. Filters based on the Bragg cutoff of polycrystalline Be have long been used to eliminate wavelengths below 4 A. Below this wavelength Bragg scattering is very effective in scattering the neutrons out of the beam where they can be stopped in an absorber, while above this wavelength the Bragg condition is not satisfied for any Be crystallographic planes, so the only neutron removal mechanisms are inelastic scattering, absorption and small-angle scattering from the imperfections in the filter material. This leads to a very sharp cutoff in the transmission (Fig. 6) , with quite high transmission beyond 4 A and very good rejection below 4 A. (The usual sintered Be filters have relatively large smallangle scattering, so the rejection below 4 A is never as good as calculated, and depends on the angular collimation in the following beam.) Such a filter can be used in a SANS instrument, for example, to remove the higher orders passed by crystal monochromators, or to remove the fast neutronsfrom a pulsed-source beam (Epperson, Worcestefi~ _ h] yagarajan, Klippert, Crawford & Carpenter:/1988) or a reactor beam (Glinka, Rowe & LaRoCk, 1986) .
For many uses of a TOF SANS instrument, however, the restriction to wavelengths greater than 4/k is not optimum, and a wider wavelength range is desirable. This can be achieved by using a single-crystal filter, with MgO being the best material so far found for a neutron filter of this type (Holmryd & Connor, 1969) . A single-crystal filter can be oriented so that the Bragg condition is satisfied for only a few sets of crystalline planes, even in a polychromatic beam. For all other wavelengths, the only mechanisms for removal of neutrons from the beam are those noted above, namely inelastic scattering, absorption and small-angle scattering. For an ideal filter material, the latter two will be as small as possible. The transmission is then determined by the inelastic scattering, which in a cooled filter is small at long wavelengths, but can become quite large at the shorter wavelengths. Such an MgO filter has been successfully operated at the SAD instrument at IPNS (Epperson, Worcester, Thiyagarajan, Klippert, Crawford & Carpenter, 1988 Wavelength @ngstr6r'ns) Transmission of this filter (Fig. 6) decreases to below 0.01 at 2 < 2 A. This seems to be an adequate degree of rejection of the fast neutrons and makes a significant improvement in the performance of this instrument when compared with the no-filter case. The measured transmission of the MgO filter for 2 > 1 A does show several prominent removal lines where Bragg conditions are satisfied, and these spectral regions are usually eliminated from the data during analysis. Filters can also be used to remove y-rays from the direct beam. As for the neutron filters, the y-ray filters must have a high transmission for neutrons in the desired range. The main mechanism of y-ray removal is absorption and/or Compton scattering, both of which work best with materials of high atomic number. One material which combines good y-ray rejection with good transmission of neutrons at longer wavelengths is Bi in the form of a single crystal or large-grain polycrystal, and this has been used with good results (Glinka, Rowe & LaRock, 1986) .
Choppers
Another means of removing unwanted neutrons and/or y-rays in a TOF instrument is to place a chopper in the beam. This chopper must be phased with the beam pulses, so that it can be open to pass the desired range of neutron wavelengths, and must be made of material which has good stopping power for fast neutrons and/or y-rays when it is closed. At a reactor source, the fast neutrons and y-rays in the beam are independent of time, so that a 'perfectly absorbing' chopper would transmit only a fraction of these equal to its duty cycle (fraction of time the chopper is 'open'). At a pulsed source both fast neutrons and y-rays are concentrated at the time of the initial pulse, so the fractional removal can be much greater than the chopper duty cycle. Such a chopper has not yet been used on a pulsed-source SANS instrument, but has been shown to be quite effective on other pulsed-source instruments (Jones, Davidson, Boland, Bowden & Taylor, 1987) . Choppers have also been used to provide bandwidth-limiting functions on TOF instruments to prevent frame overlap (Ishikawa, Furusaka, Niimura, Arai & Hasegawa, 1986; Heenan, 1986) . Fig. 4 indicates schematically the position, phasing, and pattern of open and closed chopper sections necessary for these functions on a TOF instrument. (Critically reflecting mirrors can also be used to eliminate from the beam long-wavelength neutrons with wavelengths greater than a cutoff value, to prevent these from contaminating short-wavelength data from the next pulse. Such a band-limiting mirror is in use in the LOQ instrument at ISIS.)
Delayed neutrons
One problem unique to pulsed sources is the presence there of 'delayed neutrons', which are emitted in a time-independent fashion with a wavelength spectrum essentially identical to that of the prompt pulse (Carpenter & Yelon, 1986) . These are the result of long-lived nuclear species produced following the initial spallation process in the prompt pulse, which later decay in a chain resulting in neutron production. Typically less than 1% of the total neutron production occurs as such delayed neutrons, but this is often enough to complicate the data analysis or to obscure the results. The short-wavelength component of the delayed neutron spectrum will be eliminated by any of the time-independent methods (filters, curved guides, beam benders) used for the main beam, but since the delayed neutrons are time independent, choppers designed to work with the prompt pulse may not be very effective in reducing delayed neutron contributions to the data. Choppers can be designed to eliminate many of the delayed neutrons, but this may require a different chopper and/or chopper location from that used to remove fast neutrons from the prompt pulse.
Angular collimation
Location of collimation elements
All of the methods mentioned above for improving beam quality involve placing a device in the beam which can either scatter or reflect neutrons and hence affect the angular collimation of the beam. Thus angular collimation elements must be placed 'downstream' from all such devices, that is, between the last such device and the sample. For pulsed-source SANS instruments, where such 'beam quality' devices are very important and where total flight paths must be kept short, this leaves even less room for the angular collimation elements.
Single apertures
In order to achieve the desired Q resolution, the range of allowed angles in the incident beam must be tightly restricted. The collimation system which provides this angular restriction can be constructed in a variety of ways, each of which has its own advantages and disadvantages. Fig. 7 shows schematically an instrument based on collimation using single apertures. Once the instrument resolution has been chosen, it is desirable to configure the instrument to provide the maximum count rate per unit Q or per resolution element consistent with this resolution. It can be shown (Schmatz, Springer, Schelten & Ibel, 1974 ) that the optimum choice of aperture sizes for a given resolution results in a beam for which the umbra converges to a point at the detector plane, that is
where D1, D2, LI and La are defined in the figure. It can be further shown that the size D3 of the detector resolution element which gives a matching resolution contribution is
The count rate C per unit (2 or per resolution element is proportional to the effective source area D~, the solid angle (Da/L1) 2 subtended by the sample at the effective source, the solid angle (D3/La) 2 subtended by the detector element at the sample, and the wavelength bandwidth A2, so
C oc D~(D2/L~)Z(D3/L2)2AZ.
For a given resolution, magnitude of Q, and total path length L = L~ + L2, this count rate is maximum for L 1 = L 2 and D~ = 2D2 = D3 (Mildner & Carpenter, 1984) . Under these conditions the resolution AQ is proportional to Dx/L = 2D2/L = D3/L and this count rate becomes
Thus the count rate per resolution element (or count rate per unit Q) for a given resolution on an optimized system is maximized by increasing the overall path length L (and hence increasing DI, D2, D3, L1 and L2 all proportionally) until some other limit is imposed. This limit may occur when D~ reaches the maximum aperture size which can be uniformly filled by the real source (with flux of angular divergence at least as great as that passed by the collimation system), when D z reaches the maximum practical sample size, when practical detector size limitations are reached, or when L~ or L2 are limited by other considerations. Aperture 1 should be located close to the source (or effective source, in the case of guides) in order to be as large as possible. Furthermore, it has been shown (Mildner & Carpenter, 1987 ) that the sample should be located as close as practical to aperture 2 in order to avoid a degradation of the resolution. [Mildner & Carpenter (1984) provide a careful and detailed treatment of the resolution for various geometries and optimization conditions, with the same basic results as sketched here.]
Multiple converging apertures
If M single-aperture systems are arranged to produce beams which intersect the sample at slightly different angles, and furthermore if these beams all focus to the same point on the detector [(12) and Fig. 8 ], then the resolution will be nearly the same as in the single-aperture case (Nunes, 1974) . However, the count rate will be increased M-fold over that for a single-aperture system with the same values for D1, D 2, D 3, L1 and L 2 [so the right-hand side of (14) must be multiplied by M in the multiple-aperture case]. The maximum useful value of M occurs when the apertures utilize all the beam permitted by the source or sample size, whichever is limiting, and by the focusing condition, (12). In this ease, the instrument is optimized by making the collimator system as short and as close to the effective source as feasible while maintaining the desired resolution and keeping M at the maximum useful value. Practical problems of collimator construction, background elimination etc., some of which are discussed below, usually dictate the collimator length and aperture sizes to be used for a given resolution, and the distance between the source and the collimator system. The number M of apertures is then chosen to be the maximum useful value under these conditions.
The main advantage of such a multiple-aperture collimator is that, for the same resolution and count rate, it allows roughly a x/M-fold shorter instrument than does a single-aperture system (or, alternatively, for a given resolution and path length it provides an M-fold higher count rate). Thus multiple-aperture collimation is particularly attractive for TOF instruments where frame-overlap limitations place a premium on short flight paths, for SS instruments when other constraints dictate short path lengths, or when the !deteCtor element size is small enough to provide the resolution desired with a short path and a short flight path is needed to allow the overall detector size to provide a larger Q range. In a single-aperture system the ultimate count rate for a given resolution occurs when path lengths and apertures are expanded until DE ~--A, where A is the effective beam area at the entrance to the collimation system. A similar limit occurs in the multiple-aperture system when MD~ ~-A, but reaching this limit requires only an increase in M and not in path length. Thus, from (14) and (15) or the corresponding equations for multiple-aperture systems, the ultimate attainable count rate at a given wavelength is C ocA(AQ)4(A2), with the proportionality constant being roughly the same for the two types of collimation systems with the same source and resolution.
Construction of apertures
Neutron apertures are holes in materials containing Cd, Gd, I°B, 6Li or other neutron absorbers, so that these materials are otherwise opaque to neutrons. These materials must be of sufficient thickness to provide adequate attenuation of neutrons in the wavelength range of interest for the instrument in question. In practice this means the number density N, cross section o-and thickness :x of the material must provide a transmission exp(-No-x) below 10 .5 at least, and preferably below 10 -6. A transmission of 10 .6 for 10 A neutrons can be achieved by ~0.1 mm of I°B powder or ,,,0.2mm of Cd, but for 1 A neutrons requires ~ 1.0 mm of I°B powder or ~ 1 mm of Cd, as measured along the slant path in the material.
In addition to ensuring that the aperture:forming material has adequate stopping power, all of the beam downstream from aperture 1 must be surrounded by neutron shielding to prevent any influx of extraneous neutrons. However, since shielding materials which are perfectly absorbing with zero neutron reflectance do not exist, the usual precautions must be taken to ensure that there are no paths which can reach the sample from the source by a single scattering or reflection from any aperture or shielding surface (Windsor, 1981) . In practice, this generally requires the insertion of additional apertures which do not provide the primary collimation but serve to intercept these undesirable singly scattered neutron paths (Fig. 9a) . Since such apertures are themselves potential sources of scattered neutrons, their number must be kept to a minimum, and their edges must be designed according to the above principle (Fig. 9b) . The final primary collimating aperture, aperture 2, must also be carefully designed to prevent reflections from its edges, but this is not the case for the initial aperture, aperture 1, since any neutrons being scattered from its edges are indistinguishable from those transmitted through the aperture. In fact, in many cases the exit of the neutron guide serves as the initial aperture of the collimating system. The transmission of a perfect aperture system as a function of the angle a between the neutron path and the centerline of the aperture system is shown schematically in Fig. 10 . If the system is not perfect for any of the reasons noted above, some neutrons will reach the sample with values of a outside the 'geometrically allowed' range, leading to 'wings' or a 'halo' on the collimator transmission profile as indicated in Fig. 10 . If the number of neutrons in these wings becomes a significant fraction (roughly 10-6 to 10-5) of the total reaching the sample, they can lead to an extra spatialand wavelength-dependent 'background' at the detector.
The construction of multiple-aperture systems poses additional problems. A series of aperture plates is required to eliminate 'cross-talk' between the separate beam 'channels' (Fig. 8) , and each of these introduces more surfaces at which undesired scattering can occur. Furthermore, in order to keep the number of such required aperture plates to a reasonable value, a significant amount of opaque material must be left between the apertures in each plate. This reduces the amount of the origina.1 beam area which can be utilized, and hence reduces the attainable count rate for a given resolution. [In practice it is difficult to utilize more than half of the available beam area while keeping to a reasonable number of 'cross-talk elimination' plates.] Nevertheless, it is possible to make multiple-aperture collimation which functions satisfactorily and provides a significant increase in count rate (Glinka, Rowe & LaRock, 1986) .
Soller collimators
Alternatively, one can reduce the amount of such 'dead' area by introducing more and more aperture plates. If this is carried to the extreme limit, the result is a Soller collimator consisting of a number of beam channels separated and defined by absorbing sheets, as shown in Fig. 11 . These can be made with either parallel or converging channels. Collimation in both the horizontal and vertical directions can be achieved by using two such collimators, one after the other, with their collimating planes oriented at 90 ° to one another. Techniques exist for producing extremely thin (~20 ~tm) flat absorbing planes for such collimators by coating stretched Mylar sheets with I°B or Gd203 powder in a suitable binder (Carlile, Hey & Mack, 1977; Carlile, Penfold & Williams, 1978) . A two-dimensional multichannel converging Soller collimator has also been recently constructed and tested (Niimura, Ishida, Ueno, Yamada, Hirai & Aizawa, 1987) . With such one-or two-dimensional Soller collimators nearly 100% of the available beam area can be utilized. However, the use of such Soller collimators departs from the above principle of avoiding surfaces which permit singly scattered neutron paths to reach the sample. The consequences of this are explored below.
The index of refraction n for neutrons in an absorbing material can be written in terms of its real and imaginary parts as n = n, + ini, with ni = -(N,~2/27z)~i and nr= 1-(N22/2n)b-r, where b-, and ~ are the material averages of the real and imaginary components of the scattering amplitude and N is the average number density of scatterers. For neutrons striking a surface of such a material with an angle of incidence 0i, the probability of reflection (reflectivity) R is given by (Bacon, 1975) 
For small enough values of 0,, this reflection probability approaches unity even for highly absorbing materials. Fig. 12 shows the reflectivity as a function of 0~/;t (since 0i ~-sin 0~ at these small angles) for a highly reflecting surface such as Ni as well as for several absorbing materials. Appropriate matching of ~ and b-r can lead to an 'optimized' minimum-reflectivity absorbing surface as shown in Fig. 12 , but even in this case the reflectivity can be significant. Fig. 12 suggests that the blades of the Soller collimators should be good reflectors at small angles and/or long wavelengths. If this were true, neutrons could be transmitted through the collimator after undergoing one or more reflections at the blade surfaces, and this would widen the distribution of angles transmitted through the collimator in a wavelength-dependent manner. However, if the collimator blade is not only made of absorbing material, but is also made with a rough surface, then many of the parts of the surface will be inaccessible to singlereflection paths and many other parts will be intersected only by neutron paths with a high angle of incidence and hence a low reflection probability. Simulations (Crawford, 1988) indicate that such surface roughness can reduce the effective reflectivity by several orders of magnitude, bringing the collimator transmission function close to that expected geometrically assuming no reflections. This is supported by the measured transmission functions of several collimators of this type (Carlile, Penfold & Williams, 1978; Epperson, Worcester, Thiyagarajan, Klippert, Crawford & Carpenter, 1988) , which show much less evidence of reflections than would be expected on the basis of smooth-surface reflectivities. In principle, these rough absorbing surfaces can scatter neutrons as well as reflect them, but the simulations indicate that for wavelengths greater than ,-~2/k the reflection effects will dominate the scattering effects on Soller collimator transmission. Similar reflections can occur at the edges of any apertures used in single-or multiple-aperture collimation systems. Because the total amount of reflecting surface involved is much smaller, these effects should be less severe than those observed with Soller collimators. Nevertheless, care should be taken to angle aperture edges as in Fig. 9(b) and/or to roughen the aperture-edge surfaces to minimize the transmission of such reflected neutrons through the system.
The remaining reflected neutrons which manage to exit the collimator do result in wings in the angular distribution as sketched in Fig. 10 . This in turn results in wavelength-dependent wings on the beam spatial profile measured at the detector, and these wings may extend outside the beamstop. This has been observed experimentally in SANS instruments using Soller collimators (Ishikawa, Furusaka, Niimura, Arai & Hasegawa, 1986; Epperson, Worcester, Thiyagarajan, Klippert, Crawford & Carpenter, 1988; Niimura, Ishida, Ueno, Yamada, Hirai & Aizawa, 1987) . With the collimators presently available, these reflection wings are small enough that they do not interfere significantly with most SANS experiments; nevertheless, they can cause serious trouble with some of the more demanding SANS measurements. Fig. 13 shows the measured transmission for one single-aperture collimation system on a SS SANS instrument (Schmatz, Springer, Schelten & Ibel, 1974) . Fig. 14 shows a contour plot of similar data for a multiple-aperture collimator system, based on Soller collimators (Epperson, Worcester, Thiyagarajan, Klippert, Crawford & Carpenter, 1988) . In both cases there are observed to be wings in addition to the expected geometrical transmission. In the latter case, these wings are not isotropic, but rather exhibit the approximately fourfold symmetry of the collimator system. The wavelength dependence of the wings in the Soller collimator case indicates that they are due to reflections in the Soller collimators, as discussed above. The wings in the single-aperture case may be due to reflections or scattering at the aperture edges or elsewhere along the beamline, or may be indicating the transmission of the material in the aperture plates. Less detailed evidence has been published about the collimation systems on other SANS instruments, but what has been published indicates similar wings contributing a similar fraction of the total transmission through the collimators.
Performance of existing collimation systems
Gravity compensation
Because of gravity, a horizontal neutron beam of wavelength 2 traveling a distance L falls a distance where g=980cms -2. For 2=10.A and L=10m, this is 3 mm, which is significant in relation to typical detector resolution. Thus in sufficiently long horizontal-flight-path instruments a correction for such gravity droop must be applied to locate the beam stop and to relate position on the detector to scattering angle. Since the gravity droop is wavelength dependent, in principle it can lead to an additional resolution broadening (in the vertical direction only)
However, for the conditions noted above and with A2/2 = 10% this is only Ay = 0.06 mm, so this effect is usually negligible. Gravitational effects are completely negligible on SS instruments which use vertical flight paths (Mildner, Berliner, Pringle & King, 1981) , although only a few such instruments exist. In horizontal TOF instruments, the gravity droop is typically smaller than in horizontal SS instruments because the TOF instruments usually have shorter flight paths. However, a problem arises in that the position of the undeflected beam and therefore of the beam stop varies according to the wavelength. If this variation is significant it is necessary either to make the beam stop larger than the geometric collimation requires (sacrificing valuable solid angle at small angles) or to move the beam stop or final collimation aperture (and hence the beam direction) synchronously with the pulses. Seeger, Williams & Trewhella (1986) have developed a gravity compensation technique for TOF instruments. In this method, the collimator exit aperture moves vertically in such a way that transmitted trajectories strike a fixed point on the detector. If Lm is the distance from the moderator to the collimator entrance aperture and other geometric parameters are defined as in Fig. 7 , the vertical position y of the exit aperture moves according to
which is only about 1 mm maximum in the LQD at LANSCE. The moderator, sample and intermediate baffles in the collimator must be sized to account for the corresponding variation in position of the beam. This technique also compensates for gravitational effects on the relationship between position on the detector and scattering angle, so no corrections for such effects are required.
Resolution-intensity tradeoffs and flexibility
Equations (14) and (15) show that for an optimized instrument the count rate per resolution element scales at least as the sixth power of the resolution and the count rate per unit detector area scales as the fourth power of the resolution, so that a factor-of-two improvement in resolution will result in at least a factor-of-16 decrease in count rate per unit detector area in an optimized system. Thus it is desirable to be able to vary the resolution so that it be no better than necessary for the problem at hand, in order to achieve the maximum count rate possible. This can be done by varying the aperture sizes, the path lengths or both. However, as noted above, if the instrument apertures and lengths are not adjusted to take maximum advantage of the full size of the source and sample, the count rate will be less than optimum. Thus SANS instruments using single-aperture collimation usually achieve this flexibility by adjusting the flight-path lengths to produce the desired resolution for fixed sizes of D 1, Dz and D3. This results in instruments with long evacuated scattering flight paths in which the large area detector can be moved to different values of L2 as desired. Moving the sample and its aperture to different values of L~ is more difficult, and it is easier to change L1 by moving the effective source position by adding or subtracting lengths of guide tube from the incident beamline.
Since focusing multiple-aperture collimation must be focused to a point on the detector plane, the sample-detector distance L2 is not a practical variable in such systems unless the collimation is changed at the same time. However, as long as the ultimate position resolution of the detector is sufficiently fine for the best resolution desired, the sample and source sizes can be kept the same and resolution changed simply by switching among collimators with different numbers of channels M, and hence different effective apertures D1 and Dz. This approach has the advantage that the maximum attainable scattering angle, which is determined by Lz and the detector size, is the same for all instrument configurations, so that the maximum attainable Q value will also be the same in all cases.
Q range
The minimum Q value which can be achieved by a SANS instrument is given by Qmin = 27ZOmin/2max (20) where 0,,~, is the minimum practical scattering angle and 2max is the maximum practical wavelength for this instrument. The minimum practical angle is always greater (owing to imperfect collimation etc.) than the limiting angle 0m~. defined by the diameter Db of the extreme edges of the direct beam at the detector and the sample-detector distance L2 as Similarly, the maximum Q value is given by Omax -~ 27Z0max//'~min •
The maximum practical scattering angle which can be achieved with part of the detector still in the beam (so as to measure concurrently at 0mi.) is
where De is the maximum 'diameter' of the detector. For a given wavelength, Qmi. is determined primarily by the incident-beam collimation parameters D1, D2 and L1, and is closely related to the angular resolution of the incident beam, so that in an optimized instrument 0man will scale approximately with the resolution. On the other hand, for a given wavelength Q,,,x is determined entirely by the scattered-beam parameters Dd and Lz. Large values of Qmax can be achieved by reducing Lz or 2, but this will worsen the resolution and/or Qmi.. For many measurements it is important that the required wave-vector range be covered with a single setting of the instrument. An example is kinetic studies in which the time constant being studied is too short to permit frequent reconfigurations of the instrument to measure different parts of the Q range with the required resolution. For such measurements the TOF instruments employing a range of wavelengths have a definite advantage.
Summary
Proven techniques now exist for both steady-state and time-of-flight SANS. Steady-state techniques are not practical at the types of pulsed sources presently operating, and while time-of-flight techniques can in principle be used for SANS at reactors, this is not generally done. Both types of techniques in principle provide the same types of structural information, although the instrumentation involved may be quite different in the two cases. For either technique, a cold neutron source is a great advantage.
Optimization at constant resolution leads to long flight paths for steady-state instruments using singleaperture collimation systems, although other constraints may force less-than-optimum path lengths in some cases. The desire to use long-wavelength neutrons while avoiding frame overlap forces time-offlight instruments to use short path lengths. It is the path length, rather than any fundamental difference between time-of-flight and steady-state techniques, which dictates the methods used for angular collimation and removal of fast neutrons and ,/-rays from the prepared beam. For short-flight-path instruments, considerable improvements in intensity at a given resolution are provided by the use of focusing multiple-aperture collimation, while multiple-aperture collimation offers little or no advantage in longflight-path instruments. Long-flight-path instruments can use curved guide tubes to avoid viewing the fast neutrons and ~-rays from the source. For shortflight-path instruments, other techniques such as the use of filters, beam benders or choppers must be .. employed for this purpose.
Because they use short flight paths and a wide range of wavelengths, time-of-flight instruments usually cover a much broader Q range in a single measurement. However these short flight paths make it more difficult to provide a 'clean' beam. Thus although there are no fundamental reasons why they should do so, for practical reasons existing steady-state and time-offlight instruments provide somewhat different capabilities.
